To increase understanding of the interaction between macronutrients and insulin resistance (IR), this study sought to determine the influence of macronutrient intake and anthropometric differences on IR and inflammation responses to eccentric resistance exercise. Men and women (n = 12, 19-36 years old) participated in a crossover study and completed 6 sets of 10 unilateral maximal eccentric contractions of the elbow flexors and extensors followed by controlled diet conditions for the first 8 hours postexercise of carbohydrate/fat/protein proportions of either 75%/15%/10% (CHO) or 6%/70%/24% (FAT/PRO). Fasting glucose, insulin, homeostatic model assessment (HOMA) variables, and interleukin (IL)-1β were measured preexercise and 23 hours postexercise (additional measures of glucose and insulin 1 hour after meals consumed 0.5, 3, and 7 hours postexercise). Insulin increased more (P b .01) in the CHO compared with the FAT/PRO condition at 1.5, 4, and 8 hours postexercise. Insulin, HOMA-IR, and HOMA-β-cell function increased 23 hours postexercise in both conditions, whereas IL-1β increased 23 hours postexercise only in the CHO condition. Magnitude of change (Δ) for these variables associated positively with body mass index (BMI) and waist to hip ratio (WHR) in the CHO and inversely in the FAT/PRO condition; that is, r = 0.53 (P = .10) and r =−0.82 (P < .01) for BMI vs Δ insulin in CHO and FAT/PRO conditions, respectively. The Δ IL-1β associated with BMI (r = 0.62, P < .05) and WHR (r = 0.84, P < .01) in the CHO condition. The CHO enhanced IR and inflammation as BMI and WHR increased, whereas fat and protein enhanced IR as BMI and WHR decreased. Thus, BMI and WHR may need to be taken into account in the development of nutritional strategies to prevent IR.
Introduction
The interaction between macronutrient consumption and the inflammatory environment within the body has great relevance to health and disease. Tissues, such as the liver, muscle, and adipose, develop insulin resistance when exposed to inflammation [1] [2] [3] . Pancreatic β-cells increase secretion of insulin to compensate for this resistance; but over time, this overcompensation cannot be maintained, and type 2 diabetes mellitus (T2DM) will occur [4] . Given the rapid rise in T2DM incidence and the lowering of the age of onset for this disease, effective intervention strategies are needed. Although clinical tests using hyperglycemic and hyperlipidemic conditions have demonstrated the potential for glucose and lipids to influence inflammation [5] [6] [7] [8] [9] [10] [11] , the influence of the macronutrient composition of ingested food is not clear. This is surprising given that inflammatory cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β have the capacity to increase insulin resistance [2, 12] . A greater understanding of proinflammatory effects of nutrients is vital to the development of disease prevention strategies.
Carbohydrates, fat, and protein are the major macronutrient constituents of the diet and, thus, have a potentially large influence on the inflammatory environment within the body. High glucose conditions elicit expression of a wide array of proinflammatory genes in monocytes, including TNF-α and IL-1β [13] . There is a proinflammatory effect of hyperglycemia in obese but not normal-weight individuals [8, 9] . Conversely, mimicking the very high free fatty acid concentrations (∼2900 μmol L −1 ) that occur during sepsis via intralipid and heparin infusion also stimulates inflammation and insulin resistance [5, 6] . However, the concentrations of fatty acids achieved with intralipid/heparin infusion is several-fold higher than typically expected under normal circumstances in healthy or even insulin-resistant individuals (∼200-1000 μmol L −1 ) [11, 14] . Obesity and greater levels of visceral adipose tissue (AT), estimated in many studies using the waist to hip ratio (WHR), are anthropometric characteristics that influence macronutrient metabolism and promote inflammation [15, 16] . For example, free fatty acids released from visceral AT go through the portal circulation to the liver where they alter glucose and lipid metabolism; and inflammatory mediators from visceral AT promote gluconeogenesis, dyslipidemia, and insulin resistance. Although a persistent, low-level inflammation is a characteristic of obesity, researchers have identified that a central distribution of fat mass adds to inflammation [10, 16] . In addition, obesity and central adiposity positively both associate with insulin resistance and risk for T2DM [16] . Little is known about the influence of anthropometric characteristics in nonobese individuals, but there is evidence that visceral AT enhances hyperglycemia-induced inflammation in nonobese individuals [10] . Thus, it is likely that the series of potentially synergistic events leading to T2DM begins to occur in nonobese individuals; and examining metabolic and inflammatory shifts that occur as body mass index (BMI) and WHR increase across a nonobese population may provide insights into insulin resistance prevention strategies.
The purpose of this investigation was to determine whether (1) macronutrient intake and (2) anthropometric characteristics influence inflammation and components of the homeostatic model assessment of insulin resistance (HOMA-IR) after eccentric exercise in a nonobese population. Eccentric exercise involves forcing muscles to lengthen against resistance and has been used as a research model to induce both inflammation and a transient increase in insulin resistance [3, 17, 18] . The mechanism of this insulin resistance includes disruption of the classic insulin signaling pathway by TNF-α [19] ; thus, this model is useful for studying the interaction of macronutrient intake with inflammation and insulin resistance in a nonobese population. We hypothesized that a high carbohydrate intake would enhance both inflammation and variables related to insulin resistance after eccentric exercise and that this effect was likely to be more pronounced in individuals with greater BMI or WHR.
Methods

Participants
Fourteen participants enrolled in the investigation, and 2 did not complete the study because of illness unrelated to the study. The remaining 12 participants were 19 to 36 years of age (male = 7, female = 5). Participants were non-weight trained and did not do any heavy lifting or lowering with the arms that resulted in soreness of the arms in the 6 months before the study. The goal of these criteria was to eliminate the possible effects of the repeated bout effect where muscle that has been exposed to eccentric contractions will have a protective adaptation that will result in decreased muscle damage with subsequent bouts of eccentric exercise for up to several months [20] . Individuals were excluded if they had a known history or condition of anemia, musculoskeletal limitations, inflammatory conditions, diabetes mellitus, heart disease, known kidney problems (excluding kidney stones), smoking, alcohol use (regardless of the amount of alcohol per drink) greater than 1 drink per day for women and 2 drinks per day for men, binge drinking (N4 drinks on any 1 occasion), chronic use of anti-inflammatory medications, use of lipid-lowering medications, use of oral contraceptives, regular physical activity that results in bruising or muscle soreness, and pregnancy. All participants were informed of the risks and discomforts associated with participation and signed an informed consent document approved by the Montana State University Human Subjects Committee before participation.
Research design
The research design was a crossover protocol in which each participant completed a high-carbohydrate (CHO) and a high-fat/protein (FAT/PRO) condition. The order of conditions was counterbalanced among participants and separated by 3 to 6 weeks within each participant to allow variables to return to baseline between conditions. On the first morning of each condition, participants came to the laboratory at 7:00 AM after an overnight fast and sat for 10 to 15 minutes before a resting blood sample was collected; and height, weight, and WHR were measured. Participants then performed unilateral high-force eccentric exercise to induce inflammation and consumed either a high-glycemic index CHO-based or low-glycemic index FAT/PRO-based diet for the first 8 hours postexercise. Each diet consisted of 3 meals at 0.5, 3, and 7 hours postexercise. The contralateral limb was used in the second condition. Blood was collected preexercise and at 1.5, 4, 8, 23 , and 120 hours postexercise for measurement of TNF-α, IL-1β, IL-6, soluble (s) gp130 (an IL-6 receptor and antagonist), C-reactive protein (CRP), glucose, insulin, and serum creatine kinase activity (CK, measured at preexercise and at 23 and 120 hours postexercise).
To minimize variability, participants were required to adhere to several restrictions during the time of assessment. To obtain optimal baseline assessment of blood, participants were required to be on an 8-hour fast and keep physical activity to a minimum the first morning of each condition. During the assessment period, participants were required to refrain from strenuous physical activity and physical activity that lasted longer than 60 minutes in duration. To reduce the influence of illness on inflammatory factors, participants were only tested if they had been free from known infection for at least 1 week before testing.
Eccentric exercise and maximal force production
A computer-controlled isokinetic dynamometer (Kin Com 125E+; Chattecx, Chattanooga, TN) was used to perform the high-force eccentric exercise. The elbow flexor and extensor muscles of 1 arm were exercised for each condition. The point of rotation in the dynamometer was aligned with the axis of rotation in the elbow. The height of the dynamometer was adjusted so that the torso and upper arm made an angle of 0.79 radians (90°) and the upper arm was parallel with the floor. The dynamometer was connected to the arm just below the wrist via a padded support and Velcro strap.
Participants started with their elbow in a flexed position at an approximate elbow angle of 0.79 radians (90°). Afterward, the dynamometer moved their elbow to a fully extended position. The participants were instructed to maximally resist the movement of the elbow being extended by attempting to keep the elbow in a fully flexed position. From the fully extended position, the dynamometer then moved their elbow to a fully flexed position. The participants also attempted to maximally resist this movement. Although the participants were encouraged to give a maximal effort, their level of effort was subjective. The movement of the elbow from flexed to extended and back to flexed consisted of 1 repetition. The angular velocity of the dynamometer was set at 0.79 radians per second. There was a 10-second pause in between each repetition. There were 10 repetitions per set, with a total of 6 sets. There was a 5-minute rest period between sets.
Maximal isometric strength was measured preexercise, immediately postexercise, and 24 hours postexercise. The dynamometer was adjusted for each participant the same way it was adjusted during the high-force eccentric exercise. To test maximal isometric strength, the dynamometer was set so that the elbow was at an angle of 1.57 radians (90°). The dynamometer was locked in that position, and the participants were instructed to flex or extend their elbow with maximal effort for 3 seconds. For each measure of maximal isometric strength, the participants performed this procedure 3 times; and the average of the 3 trials was used as the maximal isometric strength for that specific time. There was a 30-second rest period in between the 3 trials for each measure of maximal isometric strength.
Diet composition
In each condition, meals were provided to the participants 0.5, 3, and 7 hours postexercise. The high-CHO diet consisted of corn flakes, 2% fat milk, apple juice, and Clif Bars (75% CHO, 8.5% fat, 16.5% protein; Clif Bar, Berkeley, CA). The macronutrient composition of this diet was 75% carbohydrate, 15% fat, and 10% protein, with each participant ingesting 1.45 g carbohydrate per kilogram body weight. The high-fat/protein diet consisted of turkey, cheese, and peanuts. The macronutrient composition of this diet was 6% carbohydrate, 70% fat, and 24% protein, with each participant ingesting 0.11 g carbohydrate per kilogram body weight. Both diets contained a total of 32.4 kJ (7.7 kcal) per kilogram of body weight at each meal, for example, 1943 kJ (464 kcal) at each meal for an individual weighing 60 kg.
Blood analysis
Blood was collected using a standard venipuncture technique at preexercise and at 1.5, 4, 8, 23, and 120 hours postexercise. Blood was collected from an antecubital vein into chilled evacuated tubes without additive for analysis of glucose, CRP, and CK and tubes containing EDTA for TNF-α, IL-6, sgp130, IL-1β, and insulin. The serum tubes were allowed to clot at room temperature, and the EDTA tube remained on ice until centrifugation within 30 minutes of collection. Serum and plasma were separated from cells using a refrigerated 21000R Marathon centrifuge (Fisher Scientific, Pittsburgh, PA). Samples were stored at −80°C until analysis.
Serum high-sensitivity CRP (MP Biomedicals, Irvine, CA), plasma high-sensitivity TNF-α (R&D Systems, Minneapolis, MN), plasma high-sensitivity IL-6 (R&D Systems), sgp130 (R&D Systems), and plasma highsensitivity IL-1β (R&D Systems) concentrations were measured using commercially available enzyme-linked immunosorbent assay kits according to the instructions of the manufacturers. Absorbance of 96-well plates was read at the primary wavelength and corrected for secondary wavelength interference using a μQuant Universal microplate spectrophotometer (Bio-Tek Instruments, Winooski, VT). All samples were run in duplicate. All samples for a given participant were run on the same assay plate. Manufacturer-reported detection limits for the cytokine assays were 0.1 mg ⋅ L −1 , 0.106 pg ⋅ mL −1 , 0.039 pg ⋅ mL −1 , and 0.057 pg ⋅ mL −1 for CRP, TNF-α, IL-6, and IL-1β, respectively. Intraassay coefficients of variation were 13.8%, 16.2%, 9.7%, 8.2%, and 5.0% for CRP, TNF-α, IL-6, IL-1β, and insulin, respectively.
Enzymatic assays were used to measure serum CK and plasma glucose concentrations. Serum CK activity was measured with an ultraviolet kinetic assay using a creatine kinase N-acetyl-L-cysteine reagent at 37°C in which CK activity is proportional to the change in NADH production and the increase in absorbance at 340 nm (CK-NAC reagent; Thermo Fisher Scientific, Waltham, MA). Serum glucose concentration was assayed using a glucose hexokinase reagent set in which glucose is converted to glucose-6-phosphate and then to 6-phosphogluconate with the reduction of NAD+ to NADH (Pointe Scientific, Canton, MI). The absorbance of NADH at 340 nm is directly proportional to the concentration of glucose in the sample and calculated relative to a known standard. These assays were modified for microplate analysis and read using a μQuant Universal microplate spectrophotometer (Bio-Tek Instruments). Samples were run in duplicate. All samples for a given subject were analyzed in the same run of the assay.
Intraassay coefficients of variation were 3.1% and 7.8% for CK and glucose, respectively.
Fasting plasma insulin and glucose concentrations were used to calculate homeostatic model assessment of β-cell function (HOMA-%B), insulin resistance (HOMA-IR), and insulin sensitivity (HOMA-%S). Calculations were made using the HOMA2 model calculator from www.OCDEM.ox. ac.uk [21] .
Statistics
Data were analyzed using Statistical Program for Social Sciences (SPSS) for Windows (version 15.0.1; SPSS, Chicago, IL). Independent t tests were used to determine whether sex differences were present for BMI and WHR. To compare conditions over time, a 2-way repeated-measures analysis of variance was used. All variables were normally distributed, as determined using the Kolmogorov-Smirnov test. If there were significant main effects or interactions found, paired t tests analyses with the Bonferroni correction to α were run to determine the location of the significant differences. Bivariate Pearson product-moment correlations were used to assess associations. Statistical significance was set at the α = .05 level.
Results
Participant characteristics
Six participants completed the CHO condition, first and 6 participants completed the FAT/PRO condition first. Body mass ranged from 54.4 to 88.9 kg with a mean of 72.7 ± 9.7 kg. Body mass index was 23.23 ± 3.21 and 24.03 ± 2.60 kg ⋅ m −2 for women and men, respectively, with no difference (P = .65) between sexes. Similarly, WHR was 0.83 ± 0.08 and 0.87 ± 0.08 for women and men, respectively, with no difference (P = .34) between sexes.
Strength loss and serum CK
Loss of strength postexercise was compared between conditions to determine whether this indirect indication of muscle damage was influenced by the dietary conditions. The postexercise decrease in strength indicative of fatigue during the exercise bout was similar between conditions; however, the prolonged strength loss indicative of muscle damage was greater 24 hours postexercise in the CHO condition (Table 1) . Serum CK activity did not increase and was similar between conditions (Table 1) .
Glucose, insulin, and HOMA variables
One participant had very high fasting insulin (104 units, N5 SD from the mean, reassay yielded same value) at 23 hours postexercise in the carbohydrate conditions that was consistent with potentially not being in a fasted state. Thus, this participant was excluded from relevant analyses. Blood glucose and insulin responses after meals were consistent with normal glucose tolerance status for the participants and for the differing diet conditions. Plasma glucose levels decreased below fasting levels 1 hour after the 0.5-hour postexercise meal and had returned to fasting levels 1 hour after the 3-and 7-hour postexercise meals (Fig. 1A) . Plasma insulin was increased above the fasting level 1 hour after each of the 3 postexercise meals and was higher in the CHO compared with FAT/PRO condition at all time points except 24 hours postexercise (Fig. 1B) .
Insulin and the corresponding HOMA-IR increased 23 hours postexercise in both conditions, whereas HOMA-%B increased in the FAT/PRO condition only (Fig. 1B and Table 2 ). The HOMA-%S did not change in either group. Blood glucose concentrations were similar between groups and conditions at preexercise and 23 hours postexercise measurements (Fig. 1A ). There were no differences between conditions.
Inflammation variables
Evidence of postexercise inflammation was found in the CHO but not FAT/PRO condition. Interleukin-1β increased 23 hours postexercise in CHO but not FAT/PRO condition, and there was a trend (P = .07) for IL-6 to be higher in the CHO compared with FAT/PRO condition ( Table 2 ). There were no changes over time or differences between conditions for CRP, sgp130, or TNF-α.
Relationship among anthropometric variables and the magnitude of postexercise changes
To determine the influence of BMI and central adiposity on the changes in inflammation and insulin resistance, we measured correlations among these variables and the magnitude of the change preexercise to 23 hours postexercise (Δ) for the variables in which changes were measured including insulin, HOMA-IR, HOMA-%B, and IL-1β (Table 3) . Although both BMI and WHR correlated, the correlations were stronger between BMI and Δ insulin, Δ HOMA-IR, and Δ HOMA-%B, indicating that BMI accounts for more of the variability in these insulin-related changes than did WHR. Conversely, WHR accounted for more of the variability in Δ IL-1β in the CHO condition. The divergent influence of CHO and FAT/PRO diets depending on BMI is illustrated for Δ insulin in Fig. 2 (A and B) ; that depending on WHR is illustrated for Δ IL-1β in Fig. 3 (A and B) .
Discussion
The key finding of this study is that the increase in plasma insulin 1 day after eccentric exercise was influenced both by macronutrient intake after the exercise and by anthropometric characteristics of the participants. The exercise stimulus to induce inflammation and insulin resistance in the present study was intended to be relevant to low-level inflammation and disease risk. The eccentric exercise used a small muscle mass, resulted in a relatively small loss in strength, and did not increase serum CK. Thus, the exercise stress was low and within the realm of experience for physically inactive individuals at risk for developing insulin resistance. Nevertheless, the combined stress of eccentric exercise and macronutrient extremes was sufficient to elicit changes in inflammation and insulin resistance variables that associated with BMI and WHR in a nonobese group of research participants. Consistent with our research hypothesis, the increase in inflammation, specifically IL-1β, occurred only in the CHO condition and associated positively with BMI and WHR. However, the change in IL-1β was small; and there was no change in TNF-α, IL-6, sgp130, or CRP 23 hours postexercise. Therefore, evidence of inflammation was limited. Associations between BMI and WHR with changes in insulin resistance variables were positive, but not strong enough to be significant. Surprisingly, increases in plasma insulin concentration, HOMA-IR, and HOMA-%B both occurred in the absence of measurable inflammation and associated negatively with BMI and WHR in the FAT/PRO condition. This is the first study that we know of to demonstrate the potential for the same macronutrient composition of the diet to have opposing effects on insulin levels depending on BMI or WHR. This may be an important consideration in the development of T2DM prevention strategies.
The combination of an increase in fasting insulin along with no change in plasma glucose concentrations 23 hours postexercise may be an indication that the responsivity of β-cells and insulin resistance increased, according to the HOMA estimates of these parameters [21] . The positive association between these changes and WHR in the CHO condition may be an indication that the stress of this diet condition on β-cells was greater in those with greater central adiposity and vice versa for the FAT/PRO condition. Consistent with this macronutrient-specific influence on β-cell function, Krishnan et al [22] measured decreasing carbohydrate oxidation with increasing WHR and increasing lipid oxidation with increasing WHR after eccentric exercise. That is, we measured increased fasting insulin levels after the condition in which individuals' WHR predicted they would be less able to oxidize the predominant nutrient in their postexercise diet: after CHO intake in those with greater WHR and after FAT/PRO intake in those with lesser WHR. This relationship was stronger in the FAT/PRO condition than in the CHO condition.
Timing of the dietary manipulation in our study occurred from 0.5 to 8 hours postexercise so that the macronutrient differences would have the potential to influence early events in the postexercise inflammation response. Inflammatory neutrophil accumulation in human skeletal muscle has been measured as early as 45 minutes postexercise [23] , and macrophage accumulation has been measured as early as 4 hours postexercise [24] . Increased TNF-α, IL-6, and IL-8 gene expression has been measured from 2 to 12 hours postexercise in muscle biopsies collected after resistance exercise [25] . At 1.45 g of carbohydrate per kilogram of body mass, carbohydrate intake ranged from 78.9 to 128.9 g of carbohydrate at each of the 3 meals in the CHO condition. Previous research studies report that intake of 75 g of glucose increased oxidative stress, oxygen free radical production by neutrophils and mononuclear leukocytes, activation of the proinflammatory transcription factor nuclear factor-κB, and gene expression of TNF-α, IL-6, and other inflammation genes [26] [27] [28] . Thus, participants in the present investigation consumed enough carbohydrate to stimulate the inflammation process. However, consistent with our aim of having the experimental conditions reflect potential real-life conditions, the carbohydrate was consumed both in the form of food and with some fat and protein. In combination with the eccentric exercise, we found an increase in IL-1β but none of the other inflammation variables (TNF-α, IL-6, sgp130, or CRP) in the CHO compared with the FAT/PRO condition. Either the CHO condition stimulated or the FAT/PRO condition inhibited the increase in IL-1β to produce the difference measured between conditions. Given the evidence of inflammation stimulation with glucose intake similar to the carbohydrate intake of the present investigation, we suggest that stimulation of inflammation was likely to have occurred.
Additional evidence to support our contention that there was a stimulation of inflammation in the CHO condition rather than inhibition of inflammation in the FAT/PRO condition is the potential for increased blood lipids actually to promote inflammation. At approximately 0.6 g of fat per kilogram of body weight, participants consumed 32.7 to 53.5 g of fat at each of the 3 meals. Stimulation of inflammation and insulin resistance has been measured after infusion of lipid emulsions and heparin to induce high free fatty acid concentrations [6, 11, 29] . However, consumption of fatty acids in the triglyceride form within food, as in the present investigation, is not likely to increase the plasma free fatty acid concentrations as dramatically as the lipid emulsion combined with heparin to activate lipoprotein lipase within the circulation. However, one limitation of the present study was that we were not able to measure plasma free fatty acid concentrations to reject this possibility. The active, low-level inflammatory state that occurs with obesity and aging is increased under hyperglycemic conditions [8, 10] . In the absence of an active inflammatory state in nonobese and/or young individuals, glycemic stresses have not increased inflammation. In fact, researchers have measured lower TNF-α, IL-1β, and IL-6 production from lipopolysaccharide-stimulated mononuclear white blood cells collected during hyperglycemia in young, healthy men and women [9, 10] . However, these researchers measured a positive association between waist circumference, fat mass, and visceral AT with TNF-α production. This suggests that there is a shift from an anti-to proinflammatory effect of hyperglycemia as BMI and WHR increase. We found a similar relationship with BMI and WHR and the magnitude of the plasma IL-1β and insulin responses in conjunction with eating high-carbohydrate foods after eccentric exercise to initiate a small inflammatory stimulus. Collectively, we infer from these findings that similar mechanisms likely to involve visceral AT associate with glycemic stress-induced inflammation in both obese and nonobese individuals. With respect to insulin resistance changes after eccentric exercise, our findings are not consistent with an earlier study by Krishnan et al [30] in which an inverse relationship was found between WHR and C-peptide (a relatively stable marker of insulin release) area under the curve during a hyperglycemic clamp 48 hours after eccentric exercise. The difference may be due to differences in the timing of the glycemic stress (0.5-8 vs 48-51 hours postexercise) or in the timing of the insulin-related variable measurements (24 vs 48 hours).
The finding of increased fasting insulin and HOMA-IR 1 day after the exercise in the FAT/PRO condition was intriguing. This change occurred in the absence of measurable systemic inflammation, and we infer from this that the mechanism for the change in insulin may differ from that in the CHO condition. Inhibition of insulin signaling and β-cell function by increased intracellular and plasma fatty acid metabolites, including ceramides, has been demonstrated in several investigations [31] [32] [33] . This interference occurs within the time course of, and may play a role in, the changes in the present investigation. The inverse relationship between the change in insulin and both BMI and WHR is a novel finding and quite unique in that this is the first study that we know of to show greater susceptibility to insulin resistance changes in individuals with lower BMI and WHR. Visceral AT is less sensitive to inhibition of lipolysis by insulin, leading to a greater fatty acid flux [15, 34] . Thus, individuals with a greater BMI and WHR may have been more accustomed to stress of increased fatty acid flux, which may have diminished the impact of the FAT/PRO diet on their β-cell responses. In contrast, there is a decrease in fatty acid oxidative capacity in insulin-resistant skeletal muscle [35] , which might suggest that the FAT/PRO diet should have created metabolic stress that associated positively rather than negatively with BMI and WHR. Additional research is needed to understand why individuals with lower BMI and WHR responded to the FAT/PRO diet with an increase in their post-eccentric exercise insulin responses.
The amount of muscle damage in the present study was low relative to previous studies of eccentric exercise and insulin resistance, both in severity and affected muscle mass [3, 17, 30] . The changes in indirect markers of muscle damage are comparable to a previous study from our laboratory using a similar exercise model [36] . A variety of factors related to the exercise model in this study may account for the low muscle damage response including the subjective perception of maximal effort by the participants and the use and specific setup of our isokinetic dynamometer. We infer from our findings that a measurable change in plasma insulin and HOMA variable occurred with enough damage to induce a low level of strength loss for 24 hours or less and no increase in serum CK activity. As indicated, we chose this particular exercise regimen intentionally to have practical relevance to the types of stresses experienced by less active individuals. Asp et al [17] determined that the local effect of insulin resistance in the eccentrically exercised muscle accounted for only 8% of the total body change in insulin resistance. Modulation of whole-body insulin resistance by systemic inflammation, most notably TNF-α, has been the hypothesized mechanism for insulin resistance after eccentric exercise [3, 17] . This hypothesis is consistent with the findings in the CHO condition but not in the FAT/PRO condition. Either we did not detect the appropriate inflammation mediators in the FAT/PRO condition, or another mechanism exists under certain conditions. Those conditions are present in individuals with lower BMI and WHR in combination with a low-carbohydrate, high-fat, and high-protein dietary intake. Further investigation is needed to confirm this finding.
Although the amount of muscle damage induced in the present study was small, the loss of strength 24 hours postexercise for elbow flexion was greater in the CHO compared with the FAT/PRO condition. Whether this difference was induced by the inflammation that occurred in the CHO condition or occurred because of differences that occurred during the eccentric exercise cannot be determined conclusively. There was no difference in the amount of strength lost immediately postexercise between conditions. Furthermore, equal numbers of participants performed the CHO condition and FAT/PRO condition first; thus, the difference was not likely to be an order effect.
In conclusion, we measured increases in plasma insulin and related HOMA estimates of insulin resistance and β-cell responses after eccentric exercise. Consumption of highcarbohydrate foods elicited increases in insulin and inflammation that associated positively with BMI and WHR. Conversely, consumption of high-fat and high-protein foods elicited increases in insulin and inflammation that associated negatively with BMI and WHR in the same group of participants. Thus, both macronutrient intake and anthropometric difference had a major influence on the inflammation and HOMA estimates of insulin resistance and β-cell responses in younger, nonobese individuals. This is the first study that we know of to demonstrate these effects using nonclinical measures and readily available foods. With respect to insulin resistance, this is an important finding because a diet of the same macronutrient composition may have beneficial effects in one individual and harmful effects in another, for example, preventing a rise in insulin in one person and promoting a rise in insulin in another. Further research is needed to determine whether dietary recommendations for preventing insulin resistance should be adjusted according to BMI or WHR.
